Background
==========

*Cocos nucifera* L. (coconut) belongs to the Arecaceae family and is the only accepted species in the *Cocos* genus. Coconut is one of the world's most versatile economically important tropical crops and is well known for its commercial and industrial applications in tropical and subtropical areas, such as in food and beverages and as a source of wood and handicrafts \[[@B1]\]. The pulp (endosperm) of the coconut is initially suspended in the water phase of the coconut \[[@B2]\], which is a liquid endosperm. As development continues, the liquid endosperm is gradually deposited to the coconut inner wall, becoming the edible coconut pulp (solid endosperm). In mature coconut, the pulp (28% weight) is surrounded by a hard protective shell (12% weight), which is covered by a thick husk (35% weight) \[[@B3]\].

Oil extracted from coconut pulp is widely applied in cooking, soaps and cosmetics. Coconut is one of the few plants that store medium chain-length fatty acids (MCFAs) as the major portion of their energy reserves in the endosperm of seeds. In developed coconut fruit, more than 83.92% of the oil consists of MCFAs and long-chain fatty acids (C~12:0~, C~14:0~, C~16:0~ and C~18:0~), the majority of which is lauric acid (C~12:0~) ranging from 47.48% to 50.5% \[[@B4]\]. Coconut also has more MCFAs than soybean \[[@B5]\], oil palm and safflower, and animal fats such as butter, tallow, fish oil and lard \[[@B6]\]-\[[@B10]\]. The special chemical composition of coconut oil makes it useful for a range of edible and nonedible purposes. In addition, coconut oil has unique features like pleasant odor, high resistance to rancidity, narrow melting temperature range and superior foam retention capacity for use in whipped toppings \[[@B11]\]. Coconut pulp also contains fiber, starch, sugars and sugar alcohols such as sucrose, glucose, fructose, mannitol, sorbitol, myoinositol and scylloinositiol \[[@B12]\], which are important for fatty acid and sugar biosynthesis and metabolism.

The composition of coconut endosperm has been widely reported \[[@B12]\]-\[[@B14]\], but the molecular basis is poorly understood, especially the dynamic expression of stage-specific genes and endosperm development. Most research has focused on evaluating genetic diversity using microsatellite markers \[[@B15]\]-\[[@B17]\]. Recently, to investigate gene expression profiles in endosperm development, cDNA libraries were constructed from coconut endosperm \[[@B18]\]. Transcriptome sequencing of spear leaves, young leaves and fruit flesh \[[@B19]\] and comparison to coconut chloroplast \[[@B20]\], and isolation of miRNAs (microRNAs) differentially expressed during solid endosperm development predicted the potential functional of some miRNAs \[[@B21]\]. A number of genes have been cloned and characterized including for *oleosin*\[[@B22]\],1-acyl-sn-glycerol-3-phosphate acyltransferase (*LPAAT*) \[[@B23]\], somatic embryogenesis receptor-like kinase gene \[[@B24]\], cyclin-dependent kinase \[[@B25]\] and the genes *CnFatB 1*\[[@B26]\], *CnFatB 2* and *CnFatB 3*\[[@B27]\]. Most previous research on the composition of coconut endosperm has included little molecular analysis. Even if numerous ESTs were obtained, few were annotated and many sequences were redundant. No published studies describe dynamic expression analysis of stage-specific genes and the related mechanisms of the development of coconut endosperm.

Suppression subtractive hybridization (SSH) is a powerful and popular strategy for screening subtracted cDNA. In a model system, SSH can be applied to enrich rare sequences by \>1000-fold in a single round of subtractive hybridization \[[@B28]\]. At present, transcriptome sequencing technology can also obtain information about transcripts, but is tedious and inefficient and the identified sequences include many redundancies. This makes analysis of transcriptome data complex because of extensive background noise. SSH efficiently obtains many sequences with an average length of \>500 bp. Therefore, SSH is an important alternative to molecular genetics and positional cloning for identifying genes that are differentially expressed in disease, development or specific tissues.

In this paper, differentially expressed genes at three coconut pulp developmental stages were characterized by SSH. Computational annotation was carried out using Blast2GO software. The efficiency of SSH was demonstrated by quantitation with real-time PCR and by content analysis of fatty acids.

Results
=======

Samples collection and fatty acid analysis
------------------------------------------

Pulp from three different developmental stages of coconut was collected and total fatty acids were extracted and analyzed by gas chromatography--mass spectrometry (GC-MS) in three sets of parallel experiments. The mean percentage oil content of fresh coconut pulp by weight was 1.94% at stage 1, 8.73% at stage 2, and 10.03% at stage 3 (Figure [1](#F1){ref-type="fig"}A). This indicated a gradual accumulation in oil during coconut development. Various fatty acids with different relative content were detected at specific stages. In stage 1, the unsaturated fatty acid C~18:2~Δ^9,12^ was the major fatty acid (34.1%), followed by C~12:0~ (15.1%), C~14:0~ (12.0%), C~16:0~ (16.9%) and C~18:0~ (16.6%) (Figure [1](#F1){ref-type="fig"}B). The saturated fatty acids C~12:0~, C~14:0~, C~16:0~ and C~18:0~ were the major fatty acids in stages 2 and 3. In stage 2, C~12:0~ represented 42.2%, C~14:0~ 20.0%, C~16:0~ 11.8% and C~18:0~ 12.4%. In stage 3, C~12:0~ represented 46.9%, C~14:0~ 20.9%, C~16:0~ 11.2% and C~18:0~ 5.0% (Figure [1](#F1){ref-type="fig"}B). Fatty acid contents from 10 g of coconut pulp from three different developmental stages were determined (Figure [1](#F1){ref-type="fig"}C). The saturated fatty acids C~12:0~, C~14:0~, C~16:0~ and C~18:0~ rapidly increased during development of coconut pulp from stage 1 to 3. Statistical analysis of corresponding fatty acid indicated that differences in content of each fatty acid between stages 2 and 1 were all significant (*P ≤* 0.01) except that C~18:2~Δ^9,12^was significant at 0.01 ≤ *P* ≤ 0.05. Between stages 3 and 2, the contents of C~10:0~ and C~12:0~ fatty acids were significantly different (*P* ≤ 0.01), as were C~8:0~ and C~14:0~ (0.01 ≤ *P* ≤ 0.05). Other fatty acids showed no significance differences in content (*P* \> 0.05). During the three developmental stages, C~8:0~, C~10:0~, C~12:0~ and C~14:0~ gradually accumulated while C~18:2~Δ^9,12^ gradually decreased.

![**Content change in oil and fatty acids for stages 1, 2 and 3 of coconut pulp. (A)** Oil content of coconut pulp as percent of fresh weight at stages 1, 2 and 3. Mean percentages were 1.94%, 8.73% and 10.03%. **(B)** Relative content of fatty acids by stage. In stage 1 unsaturated fatty acid C~18:2~Δ^9,12^ (34.1%) was the major component, rather than C~12:0~ as in stages 2 and 3. **(C)** Fatty acid content of 10 g coconut pulp at three developmental stages. Each fatty acid was analyzed for statistical significance between stages 1 and 2, and between stages 2 and 3. Significant differences according to Student's *t*-test: \**P* \< 0.05; \*\**P* \< 0.01.](s12870-014-0205-7-1){#F1}

Construction and characterization of SSH libraries
--------------------------------------------------

Four SSH libraries (A, B, C and D) were generated from coconut pulp at the three different developmental stages (i.e. 1--3). Forward and reverse subtraction was performed for the libraries for stages 1 to 2 (libraries A and B), and stages 2 to 3 (libraries C and D). A total of 1272 clones were sequenced, yielding 1230 high-quality EST sequences with an average insert length of 500 bases after removing empty vectors. The lengths of all ESTs were more than the cutoff value of 100 bp (Table [1](#T1){ref-type="table"}). The number of differentially expressed sequences that were randomly chosen for sequencing was 248--366 per library with 11 low-quality sequences (inserts \< 100 bp) for library A, 9 for B, 8 for C and 4 for D; thus there were 244--345 high-quality sequences (insert length ≥ 100 bp) from A to D. The insertion length was 123--900 bp for library A, 141--862 bp for B, 110--838 bp for C and 106--825 bp for D. The average length for each library was 487--512 bp. Low-quality sequences, vector sequences and poly(A) ends were removed from each library using *Phred* and Crossmatch software. Preliminary analysis using the *Phrap* program isolated singlets and assembled overlapping sequences into contigs. Across the libraries, the number of singlets varied within 70--226 with average lengths of 484--522 bp. The number of contigs was 25--53 with average lengths of 629--726 bp. The number of unigenes (singlets and contigs) was 112--251 with average lengths of 503--574 bp. The single-sequence high-repetition redundancy for each library was within 2.6--7.4%. Size ranges and statistical values for clones, singlets, contigs, unigenes and redundancy are in Table [1](#T1){ref-type="table"}. The sequences obtained in this research were deposited in the GenBank database and can be viewed on the NCBI website (<http://www.ncbi.nlm.nih.gov>) under accession numbers JZ533438 to JZ534322.

###### 

SSH library characteristics by clone abundance and length, proportion of singlets and contigs and related redundancy

                  **Clones**                   **Singlets**                **Contigs**                **Unigenes**              **Redundancy %**                            
  ------- ------- ------------ ----- --------- -------------- ------ ----- ------------- ----- ------ -------------- ---------- ------------------ ------- ----- ---------- -----
  A       345     28.0         512   123-900   173            77.0   522   123-865       53    23.0   629            261-1401   226                30.7    546   123-1401   2.6
  B       339     27.6         495   141-862   104            70.3   507   141-834       44    29.7   726            153-1620   148                20.1    572   141-1620   7.4
  C       302     24.6         487   110-838   226            90.0   484   110-838       25    10.0   676            341-1541   251                34.0    503   110-1541   4.0
  D       244     19.8         508   106-825   70             62.5   488   106-808       42    37.5   717            264-2295   112                15.2    574   106-2295   6.1
  Total   1,230   100.0        500   106-900   573            77.7   500   106-865       164   22.3   685            153-2295   737                100.0   541   106-2295   ---

Species distribution of SSH EST BLAST top hits
----------------------------------------------

BLAST top hits for sequences from the four SSH libraries retrieved from the NCBI database showed only 19 top hits with similarity to coconut sequences. Around 40% of top hits for coconut pulp developmental stage SSH EST sequences were homologous to coding sequences in oil palm, grape or rice, with \>120 top hits per species (Figure [2](#F2){ref-type="fig"}). More than 60% of the BLAST hits were homologous to rice, grape, *Populus trichocarpa*, maize or soybean coding sequences (Additional file [1](#S1){ref-type="supplementary-material"}) with only 19 hits with similarity to coconut sequences.

![**BLAST top hits by species distribution.** Results of the highest similarity species with higher Max ident and lower e-values. Number of BLAST to -hits retrieved from NCBI databases. The majority of BLAST top hits were for oil palm, grapevine and rice; 19 were entries identified for coconut.](s12870-014-0205-7-2){#F2}

Functional classification and gene ontology analysis of SSH EST sequences
-------------------------------------------------------------------------

After the removal of sequence impurities such as vector, short sequences and poly(A) ends, all sequences were analyzed by Blast2GO and aligned using BLASTX and the GenBank nonredundant database. Gene ontology (GO) mapping returned many terms. GO annotation assigned at least one GO term for 63.1% (776) of all SSH ESTs. GO annotations did not completely differ from each other, with many ESTs involved in different classes of functions and annotated with multiple GO terms; similarly, a single GO term was sometimes found to annotate several ESTs. Generally, sequences without BLAST hits (113) could not be annotated. The SSH ESTs (341) with BLAST hits that could not be annotated with GO terms were categorized as hypothetical or unknown proteins \[[@B29]\].

GO analysis describes biological processes, cellular components and molecular functions from genomes of several plants and animals \[[@B30]\]. Of complete GO terms for all SSH EST coconut sequences, 839 GO terms were in biological processes (Figure [3](#F3){ref-type="fig"}A), 1023 in cellular components (Figure [3](#F3){ref-type="fig"}B) and 547 in molecular functions (Figure [3](#F3){ref-type="fig"}C). GO terms and GO ids are shown in Additional file [2](#S2){ref-type="supplementary-material"}. In biological processes, the most highly represented categories were response to stress (GO:0006950, 14.8%), catabolic processes (GO:0009056, 12.8%) and carbohydrate metabolic processes (GO:0005975, 12.3%). Although numerically fewer, terms related to secondary metabolic processes (GO:0019748, 3.8%), lipid metabolic processes (GO:0006629, 5.8%) and ion transport (GO:0006811, 2.4%) were also found. In cellular components, the most representative categories were cytoplasmic membrane-bounded vesicles (GO:0016023, 22.3%), plasma membrane (GO:0005886, 13.4%) and plastids (GO:0009536, 11.1%). Cytosol (GO:0005829, 4.1%) and vacuoles (GO:0005773, 4.3%) were also represented. Lipid particle annotations were fewer (GO:0016023, 0.1%). Among molecular functions, the largest proportion of functionally assigned ESTs were in nutrient reservoir activity (GO:0045735, 40.6%), nucleotide binding (GO:0000166, 26.5%) and structural molecule activity (GO:0005198, 6.4%); the first two classes accounted for 67.1% of assignable GO terms.

![**Functional categorization of GO terms.** Multilevel pie chart with the lowest node per branch from the annotations graph. GO terms were distributed into: **(A)** biological process, **(B)** cellular component, **(C)** molecular function. **A**: response to stress, catabolic processes and carbohydrate metabolic processes were the most common. **B**: cytoplasmic membrane-bounded vesicles, plasma membrane and plastids were the most common. **C**: Nutrient reservoir activity and nucleotide binding were most common.](s12870-014-0205-7-3){#F3}

Theoretically, SSH could obtain ESTs that were all stage-specific (or stage-associated) genes. We found that the EST sequences contained many differentially expressed genes but few stage-specific genes. To further analyze stage-specific genes, we compared GO ids from libraries A and B, and C and D for stage-specific GO ids (Figure [4](#F4){ref-type="fig"} and Additional file [3](#S3){ref-type="supplementary-material"}). Among the 330 GO terms for library A and 311 for B, 203 were associated with downregulated and 184 with upregulated genes. In library A (stage 1), the most significant stage-specific GO terms were in cell division (GO:0051301), peroxidase reaction (GO:0006804), regulation of cell growth (GO:0001558), heme binding (GO:0020037), serine family amino acid metabolic processes (GO:0009069) and response to oxidative stress (GO:0006979). In libraries C and D, 360 and 251 GO terms were recovered, respectively, with 229 for downregulated and 120 for upregulated genes. For libraries B and C (stage 2), GO terms were mainly in nutrient reservoir activity (GO:0045735), acyl-carrier-protein biosynthetic (GO:0042967), fatty acid synthase complex (GO:0005835), response to heat (GO:0009408), cellulose synthase (GO:0016761), primary cell wall (GO:0009833) and carbohydrate metabolism (GO:0006011, GO:0005985 for sucrose and GO:0005982 for starch). In library D (stage 3), GO terms were associated with cell periphery synthesis (GO:0071944), nicotinamide adenine dinucleotide (NAD) transport (GO:0043132, GO:0051724), glycosyl bond hydrolase activity (GO:0016798, GO:0004553), defense response (GO:0006952, GO:0051707) and response to abiotic stimulus (GO:0009628).

![**Venn diagrams for GO terms for libraries A, B, C and D.** Libraries A, B, C and D contained 330, 311, 360 and 251 GO ids, respectively. Comparing libraries A and B showed 203 stage-specific downregulated GO ids and 184 upregulated. Comparing C and D libraries showed 229 stage-specific downregulated GO ids and 120 upregulated.](s12870-014-0205-7-4){#F4}

Identification of continuously or transiently downregulated or upregulated genes
--------------------------------------------------------------------------------

Genes showing continuous or transient downregulation or upregulation during the three developmental stages were obtained by comparing two SSH libraries. Comparing the GO ids of each pairwise forward and reverse SSH libraries for nonredundant stage-specific GO ids (Figure [4](#F4){ref-type="fig"}) yielded 203 for library A (330 GO ids in total), 184 for B (311 in total), 229 for C (360 in total) and 120 for D (251 in total). Pairwise comparisons of the nonredundant stage-specific GO ids, obtained above to identify stage-specific repeat GO ids, yielded 32 (Additional file [4](#S4){ref-type="supplementary-material"}) for libraries A-C (continuous downregulation), 28 (Additional file [4](#S4){ref-type="supplementary-material"}) for B-C (transient upregulation), 7 (Additional file [4](#S4){ref-type="supplementary-material"}) for B-D (continuous upregulation) and 23 (Additional file [4](#S4){ref-type="supplementary-material"}) for A-D (transient downregulation); with 148, 152, 116 and 124 repeat GO ids in pairwise comparisons of the total GO ids of A-C, B-C, B-D and A-D, respectively (Figure [5](#F5){ref-type="fig"}). In libraries A-C, stage-specific downregulated genes were mainly for 3-hydroxyisobutyryl-CoA hydrolase-like protein, acid phosphatase, ADP-ribosylation factor, 14-3-3-like protein, 2,3-bisphosphoglycerate-independent phosphoglyceratemutase, sarcosine oxidase, serine hydroxymethyltransferase, polynucleotide adeylyltransferase, multidrug-resistance protein ATP-binding cassette transporter and glutathione-S-transferase cla47. In libraries B-D, stage-specific upregulated genes were for alpha-tubulin, globulin precursor, 7-alpha-hydroxysteroid dehydrogenase, *LPAAT*, 7S globulin and triose phosphate isomerase cytosolic isoform. Among these genes, *LPAAT* was associated with fatty acid biosynthesis; and 7S globulin, triose phosphate isomerase cytosolic isoform, alpha-tubulin, globulin precursor and 7-alpha-hydroxysteroid dehydrogenase was related to sugar metabolism. In libraries B-C, stage-specific transiently upregulated or downregulated genes were mainly for oligopeptide transporter, phosphoenolpyruvate carboxylase (PEPC), ADP-ribosylation factor, enoyl-acylacyl carrier protein (ACP)-reductase protein, acetyl-CoA carboxylase carboxyl transferase beta subunit, nucleoside diphosphate kinase, cellulose synthase BoCesA6, glutaryl-CoA dehydrogenase, mannose-1-phosphate guanylyltransferase 3-like, bile acid:Na^+^symporter family protein, mannose-1-phosphate guanylyltransferase 1-like, sucrose synthase 1 and UTP-glucose 1 phosphate uridylyltransferase. In libraries A-D, stage-specific transiently upregulated or downregulated genes were for beta-1,3-glucanase, pyruvate dehydrogenase E1 beta subunit, transport inhibitor response 1, V-type proton ATPase catalytic subunit A, voltage dependent anion channel protein, eukaryotic initiation factor iso-4 F subunit, casein kinase I-like, phospholipase D alpha 1 and uncharacterized protein LOC100820966.

![**Venn diagrams of continuous or transiently upregulated and downregulated genes by GO ids.** Pairwise comparison of stage-specific GO ids of libraries B-D, A-C, B-C and A-D found 7 continuously upregulated and 32 downregulated, 28 transiently upregulated and 23 downregulated.](s12870-014-0205-7-5){#F5}

Real-time PCR and clustering map
--------------------------------

Sequences that were chosen for clustering (Figure [6](#F6){ref-type="fig"}) were continuously or transiently upregulated or downregulated genes and fatty acid synthesis enzymes, transcription factors and other genes. Clustering was performed using quantitative real-time PCR (qRT-PCR) relative expression values. The results showed that 33 of 103 unigenes were upregulated in stage 2 versus stage 1, 58 of 103 unigenes were upregulated in stage 3 versus 2, and 18 of 103 unigenes were upregulated from stage 1 to 3 including genes for acyl-ACP thioesterase FatB2, long-chain acyl-CoA synthetase 4,MADS-box (GenBank:KF574389) and others (Additional file [5](#S5){ref-type="supplementary-material"}). Of 103 unigenes, 30 were downregulated from stage 1 to 3 including acetyl-COA carboxylase, fructose-1,6-bisphosphate and phosphoglyceromutase and other genes (Additional file [5](#S5){ref-type="supplementary-material"}).

![**Clustering of gene sequences by real-time PCR values.** Pairwise analysis of expression patterns for 103 selected sequences by Cluster software comparing three developmental stages (stage 2 versus stage 1; and stage 3 versus stage 2).](s12870-014-0205-7-6){#F6}

KEGG pathways for fatty acid biosynthesis and metabolism and starch, sucrose and methane metabolism
---------------------------------------------------------------------------------------------------

A number of enzymes were associated with specific metabolic or biosynthetic pathways for carbohydrates, fatty acids or secondary metabolites. The most represented Kyoto Encyclopedia of Genes and Genomes (KEGG) maps that were associated with fatty acid or carbohydrate biosynthesis or metabolism were organized into a simple network (Additional file [6](#S6){ref-type="supplementary-material"} and Additional file [7](#S7){ref-type="supplementary-material"}), and several enzymes were upregulated or downregulated during coconut endosperm development. Several components of carbon fixation in photosynthetic organisms (map:00710) showed modulated expression in the early stages of endosperm development (7--9 months after flowering \[MAF\]) and several components of starch and sucrose metabolism (map:00500) were modulated in the later stages (9--11 MAF). KEGG map analysis also indicated strong upregulation of most enzymes in carbon fixation in photosynthetic organisms (Map:00710), glycolysis and gluconeogenesis (Map:00010), and starch and sucrose metabolism (Additional file [7](#S7){ref-type="supplementary-material"} and Table [2](#T2){ref-type="table"}). Transcripts of enzymes involved in the synthesis of pyruvate from β-D-fructose-6-P such as 6-phosphofructokinase (EC:2.7.1.11), glyceraldehyde-3-phosphate dehydrogenase (EC:1.2.1.12) and phosphoglycerate kinase (EC:2.7.2.3) were upregulated at 7--9 MAF and showed a sustained level at 9--11 MAF (Table [2](#T2){ref-type="table"}). Transcripts encoding enzymes related to carbon fixation from carbon dioxide such as aspartate transaminase (EC:2.6.1.1), phosphoglycerate kinase (EC:2.7.2.3) and PEPC (EC:4.1.1.31) were upregulated at 7--9 MAF (Table [2](#T2){ref-type="table"}). Consistent with the accumulation of oil (Figure [1](#F1){ref-type="fig"}A) in coconut endosperm, which increased rapidly during stages 1 to 2 and more slowly during stages 2 to 3, several transcripts encoding enzymes in fatty acid biosynthesis (Map:00061) from glycerophospholipid metabolism (Map:00564) through pyruvate metabolism (Map:00620) and the citrate cycle (Map:00020) were upregulated (Table [3](#T3){ref-type="table"}).

###### 

Starch and sucrose biosynthesis and metabolism-related pathways from the KEGG pathway database

  **Enzyme**                                              **Enzyme Id**   **Library**   **KEGG metabolic pathways**^***a***^                                                            
  ------------------------------------------------------- --------------- ------------- -------------------------------------- ------- ------- ------- ------- -------- ------- ------- -------
  Alcohol dehydrogenase 1                                 EC:1.1.1.1      C                                                                                    \*                        
  Sorbitol dehydrogenase                                  EC:1.1.1.14     C             \*                                                                                               
  Alcohol dehydrogenase                                   EC:1.1.1.22     C                                                    \*      \*      \*      \*                                
  Malate glyoxysomal expressed                            EC:1.1.1.37     A                                                                                                     \*      \*
  Isocitrate dehydrogenase                                EC:1.1.1.41     B                                                                                                             \*
  l-ascorbate oxidase homolog                             EC:1.10.3.3     C                                                            \*                                                
  Glyceraldehyde 3-phosphate dehydrogenase                EC:1.2.1.12     BCD                                                                                  \*                        
  Pyruvate dehydrogenase e1 component subunit beta        EC:1.2.4.1      AD                                                                                   \*                       \*
  Dihydrolipoyl dehydrogenase-like                        EC:1.8.1.4      C                                                                                    \*                       \*
  ATP-citrate synthase beta chain protein 1-like          EC:2.3.3.8      C                                                                                                             \*
  Cellulose synthase catalytic subunit                    EC:2.4.1.12     BC                                                                   \*                                        
  Sucrose synthase-like partial                           EC:2.4.1.13     ABC                                                                  \*                                        
  Cellulose synthase catalytic subunit                    EC:2.4.1.29     C                                                                    \*                                        
  Callose synthase                                        EC:2.4.1.34     C                                                                    \*                                        
  Aspartate transaminase                                  EC:2.6.1.1      B                                                                                                     \*       
  6-phosphofructokinase 3-like                            EC:2.7.1.11     BCD           \*                                                                     \*       \*               
  Pyruvate kinase                                         EC:2.7.1.40     ACD                                                                                  \*               \*       
  Diphosphate-fructose-6-phosphate 1-phosphotransferase   EC:2.7.1.90     CD            \*                                                                                               
  Phosphoglycerate kinase                                 EC:2.7.2.3      B                                                                                    \*               \*       
  GDP-mannose pyrophosphorylase                           EC:2.7.7.13     BC            \*                                     \*                                                        
  GDP-mannose pyrophosphorylase                           EC:2.7.7.22     B             \*                                     \*                                                        
  UDP-glucose pyrophosphorylase                           EC:2.7.7.9      B                                                    \*              \*      \*                                
  Chitinase precursor                                     EC:3.2.1.14     C                                                    \*                                                        
  Probable polygalacturonase-like                         EC:3.2.1.15     C                                                                    \*      \*                                
  Beta-amylase                                            EC:3.2.1.2      D                                                                    \*                                        
  Glucan 1,3-beta-glucosidase                             EC:3.2.1.58     B                                                                    \*                                        
  Phosphoenolpyruvate carboxylase                         EC:4.1.1.31     B                                                                                                     \*       
  Exosome complex exonuclease                             EC:4.1.1.39     C                                                                                                     \*       
  Fructose-bisphosphatealdolase                           EC:4.1.2.13     ABCD          \*                                                                     \*       \*      \*       
  Enolase 2-like                                          EC:4.2.1.11     BCD                                                                                  \*                        
  Probable rhamnose biosynthetic enzyme 1                 EC:4.2.1.76     C                                                    \*                                                        
  Triosephosphateisomerase                                EC:5.3.1.1      BD            \*                                                                     \*               \*       
  **Number of identified enzymes**                                                      **7**                                  **6**   **2**   **9**   **3**   **10**   **2**   **8**   **5**

^***a***^Fmm (map:00051): fructose and mannose metabolism; Ansm (map:00520): amino sugar and nucleotide sugar metabolism; Aam (map:00053): ascorbate and aldarate metabolism; Ssm (map:00500): starch and sucrose metabolism; Pgi (map:00040): pentose and glucuronate interconversions; G (map:00010): glycolysis/gluconeogenesis; Ppp (map:00030): pentose phosphate pathway; Cfp (map:00710): carbon fixation in photosynthetic organisms; Cc (map:00020): citrate cycle.

###### 

Enzymes of EST clones associated with fatty acid biosynthesis, metabolism and related KEGG pathways

  **Enzyme**                                            **Enzyme Id**   **Library**   **KEGG metabolic pathways**^***b***^                                           
  ----------------------------------------------------- --------------- ------------- -------------------------------------- ------- ------- ------- ------- ------- -------
  Alcohol dehydrogenase                                 EC:1.1.1.1      C                                                                            \*               
  Malate dehydrogenase                                  EC:1.1.1.37     A                                                    \*              \*                       
  Isocitrate dehydrogenase (NAD(+))                     EC:1.1.1.41     B                                                                    \*                       
  Stearoyl-acyl-carrier protein desaturase (Δ^9^)       EC:1.14.19.2    B                                                            \*                               
  Pyruvate dehydrogenase e1 component subunit beta      EC:1.2.4.1      AD                                                   \*              \*                       
  Glutaryl- dehydrogenase                               EC:1.3.3.6      B                                                                            \*               
  Dihydrolipoyl dehydrogenase-like                      EC:1.8.1.4      C                                                    \*              \*                       
  Phosphoethanolamine n-methyltransferase               EC:2.1.1.103    A             \*                                                                              
  Lysophosphatidic acid acyltransferase (*LPAAT*)       EC:2.3.1.51     BD            \*                                                                     \*       
  ATP-citrate synthase beta chain protein 1-like        EC:2.3.3.8      C                                                                    \*                       
  Dihydroxyacetone kinase                               EC:2.7.1.29     D                                                                                    \*       
  Pyruvate kinase                                       EC:2.7.1.40     ACD                                                  \*                                       
  Phosphatidylcholine 2-acylhydrolase                   EC:3.1.1.4      A             \*                                                                              
  acyl-ACP thioesterase FatB3                           EC:3.1.2.14     BCD                                                          \*                               
  Phospholipase D                                       EC:3.1.4.4      D             \*                                                                              
  Phosphoenolpyruvate carboxylase (PEPC)                EC:4.1.1.31     B                                                    \*                                       
  3-hydroxyisobutyryl- hydrolase-like protein 1         EC:4.2.1.17     A                                                                            \*              \*
  ATP-citrate synthase beta chain protein 1-like        EC:6.2.1.5      C                                                                    \*                       
  Acetyl-carboxylase carboxyltransferase beta subunit   EC:6.4.1.2      BC                                                   \*      \*                               
  **Number of identified enzymes**                                                    **4**                                  **6**   **3**   **6**   **3**   **2**   **1**

^*b*^Gpm (map:00564): glycerophospholipid metabolism; Py (map:00620): pyruvate metabolism; Fb (map:00061): fatty acid biosynthesis; Cc (map:00020): citrate cycle; Fm (map:00071): fatty acid metabolism; Gm (map:00561): glycerolipid metabolism; Fe (map:00062): fatty acid elongation.

The genes for a series of enzymes were upregulated from stage 1 to 2, when lipid accumulation showed an increasing rate. Similar dynamics of specific transcript accumulation were recorded for several components of the fatty acid biosynthesis pathway such as stearoyl-acyl-carrier protein desaturase (EC:1.14.19.2) and acyl-ACP thioesterase FatB3 (EC:3.1.2.14). LPAAT (EC:2.3.1.51) is actively involved in the metabolism of glycerophospholipid and glycerolipid; PEPC (EC:4.1.1.31) is involved in pyruvate metabolism;isocitrate dehydrogenase (EC:1.1.1.41) is related to the citrate cycle; and glutaryl-dehydrogenase (EC:1.3.3.6) is related to fatty acid metabolism (Table [3](#T3){ref-type="table"}). Previous studies showed that sugar concentration in coconut water steadily increases from about 1.5% in the early months of maturation to about 5.0--5.5% (at 8--9 MAF) and then slowly decreases to about 2% at full fruit maturity \[[@B14]\]. Consistent with the accumulation of carbohydrates during coconut water development, which increased strongly from stage 1 to stage 2 and gradually reduced from stage 2 to stage 3, several transcripts encoding enzymes were upregulated from stage 1 to stage 2 (Table [2](#T2){ref-type="table"}), including enzymes in starch and sucrose metabolism (Map:00500), mannose metabolism (Map:00051), ascorbate and aldarate metabolism (Map:00053), and amino sugar and nucleotide sugar metabolism (Map:00520). Similar dynamics of specific transcript accumulation were recorded for a number of enzymes such as 6-phosphofructokinase 3-like (EC:2.7.1.11) and GDP-mannose pyrophosphorylase (EC:2.7.7.13 and EC:2.7.7.22) in fructose and mannose metabolism; enzyme UDP-glucose pyrophosphorylase (EC:2.7.7.9), which is involved in metabolism of amino sugars and nucleotide sugars; enzymes in starch and sucrose catalysis metabolism such as cellulose synthase (EC:2.4.1.12) and glucan 1,3-beta-glucosidase (EC:3.2.1.58); and enzymes involved in carbon fixation of photosynthetic organisms such as aspartate transaminase (EC:2.6.1.1), phosphoglycerate kinase (EC:2.7.2.3) and PEPC (EC:4.1.1.31)(Table [2](#T2){ref-type="table"}).

Discussion
==========

This study identified 737 unigenes. However, only 19 BLAST hits for coconut were identified (Figure [2](#F2){ref-type="fig"}). These results indicated a shortage of molecular information on coconut in the NCBI database. Considering the importance of coconut to tropical regions and an increasing worldwide commercial interest in coconut products, the shortage of information on coconut genomic features is an obstacle to further research. Insights are needed into the genetic and molecular features that control coconut development and ripening, and metabolic pathways in oil and sugar metabolism. We constructed four SSH libraries and identified 737 nonredundant, specific sequences in three coconut pulp development stages. This information enriches the public coconut gene databases and provides fundamental molecular biology information for gene cloning and analysis of oil, sugar and other metabolic pathways.

In two reverse SSH libraries, an AGAMOUS-like (AGL) MADS-box transcription factor gene (GenBank:KF574389) (Figure [7](#F7){ref-type="fig"}) was continuously upregulated and was more than 22-fold higher in stage 2 than in stage 1; expression of this gene also increased by 2.5-fold during ripening (Figure [8](#F8){ref-type="fig"}). MADS-box genes are involved in controlling all major aspects of plant development, including development of male and female gametophytes, embryos, seeds, roots, flowers and fruits \[[@B31]\],\[[@B32]\]. The coconut MADS-box gene we identified was derived from the coconut endosperm and was continuously upregulated during ripening. This expression pattern implied that the MADS-box gene was related to endosperm metabolism. However, once the flower organ has completed development in the coconut endosperm, only a few free cellular layers of endosperm deposit along the walls of the coconut and the edible endosperm accumulates other components such as carbohydrate, protein and oil. To the best of our knowledge, no research has investigated AGL-like genes in endosperm development in monocotyledons. These genes might improve endosperm weight in monocotyledon seeds without harming seed development. Our data suggested that the MADS-box gene identified in the three development stages of coconut endosperm was involved in endosperm development or metabolic pathways involved in coconut pulp components. Functional analysis of this gene might suggest a new strategy for improving coconut oil yield by increasing the weight of coconut pulp.

![**Neighbor-joining tree for coconut MADS-box generated with MEGA 4.0.** Neighbor-joining tree showing coconut MADS-box with similarity to *Arabidopsis thaliana* AGAMOUS-like.](s12870-014-0205-7-7){#F7}

![**Expression levels of five genes during three coconut pulp development stages.** Expression levels during three developmental stages for *CnFatB 1*, *CnFatB 2*, *CnFatB 3*, MADS-box and pyruvate kinase of coconut endosperm.](s12870-014-0205-7-8){#F8}

In the four SSH libraries, the *CnFatB3* (GenBank:JF338905) gene was the only ACP thioesterase gene identified. Plants have two classes of Fat genes, *FatA* and *FatB*, which differ in sequence identity and acyl-ACP substrate specificity \[[@B33]\]. Previously, FatA enzymes were found to predominantly hydrolyze 18:1-ACP with minor activity toward 18:0-ACP and 16:0-ACP. FatB enzymes usually hydrolyze saturated C~8:0~-C~18:0~ ACPs, preferentially 16:0-ACP; however, they also hydrolyze 18:1-ACP \[[@B34]\]. To date, three FatB-type fatty acyl-ACP thioesterases have been found in coconut pulp: *CnFatB 1* (GenBank:JF338903), *CnFatB 2* (GenBank:JF338904) and *CnFatB 3* (GenBank:JF338905). QRT-PCR analysis indicated that expression of *CnFatB 1* was continuously downregulated, and during coconut pulp ripening, *CnFatB 2* expression increased 1.4-fold and and *CnFatB 3* increased 11.5-fold. The hydrolytic specificities of the enzymes from the three *FatB* genes from coconut endosperm (*CnFatB 1*, *CnFatB 2* and *CnFatB 3*) and from oil palm (*EgFatB 1*) have been characterized using *in vitro* expression in *Escherichia coli* K27. CnFatB 1, CnFatB 2 and EgFatB 1 enzymes appear to be predominantly specific for 14:0 and 16:1 and CnFatB 3 enzyme is mainly specific for 12:0 and 14:1 \[[@B26]\]. In our previous research, heterogeneous expression of *CnFatB 1* showed additional specificity, mainly for 18:0-ACP and 16:0-ACP in transgenic tobacco seeds \[[@B25]\]. The results of our current study were partly consistent with earlier observations, suggesting that about 50% of total fatty acids in coconut pulp were saturated laurate (C~12:0~), with the *CnFatB 3* expression level proportionally related to C~12:0~ fatty acid accumulation (Figure [8](#F8){ref-type="fig"}).

In the forward SSH library for stage 1 to 2, pyruvate kinase (PK) genes exhibited high expression in the early coconut endosperm (stage 1), but showed a significant decrease in stages 2 and 3 (Figure [8](#F8){ref-type="fig"}), and were barely detectable in maturing endosperm. Compared with stage 2, expression of PK genes was 10-fold higher in stage 3. The protein phylogeny of PK showed that PK was divided into cytosolic PK (PKc) and plastid PK (PKp) (Figure [9](#F9){ref-type="fig"}). The PK we identified was more similar to PKc than PKp. PKc is found in all eukaryotes; however, PKp is also found in plants \[[@B35]\]. Physical, immunological and kinetic analyses showed that the two PK isoenzymes (PKp and PKc) of vascular plants and green algae had markedly different characteristics \[[@B36]\],\[[@B37]\]. PKc is suggested to control glycolysis to produce pyruvate in the plant cytosol \[[@B38]\] or generate the precursor pyruvate for biosynthetic pathways or mitochondria \[[@B39]\]. Tobacco plants (*Nicotiana tabacum*) lacking PKc in leaves were analyzed for growth, photosynthesis and respiration, and showed a number of conditional growth defects, mainly from altered regulation of sink-source metabolism due to a loss of PKc, specifically in leaves \[[@B40]\]. Decreased expression of PKc in potato tubers shows the importance of PKc in regulation of levels of pyruvate and related oxidase in heterotrophic plant tissue \[[@B41]\]. PKc downregulation by T-DNA insertion in rice results in dwarfism and panicle enclosure, suggesting that PKc affects the glycolytic pathway and changes monosaccharide metabolism and sugar transport in rice \[[@B42]\]. The pulp (solid endosperm) of coconut is deposited from coconut water (liquid endosperm), and sugar content changes in coconut water might be consistent with changes in the endosperm. In previous studies, the sugar concentration of coconut endosperm from the inner region enclosing the water cavity through middle and outer regions to the testa decreased in a gradient \[[@B43]\],\[[@B44]\]. This result implies that sugars accumulates at the first 9 MAF in the developing coconut and at 9--12 MAF, sugars transmigrate from coconut water to the solid endosperm or are catabolized. As expected, the expression of PKc isolated from coconut endosperm contrasted with the sugar concentration of coconut water, and this could be explained by PKc using sugar as its substrate, further implying that PKc was closely involved with sugar metabolism. However, no information is available on the effect of overexpression of PKc in monocotyledon endosperm, especially in an anoxic and liquid environment such as coconut endosperm. Therefore, future studies on coconut endosperm might provide new insights into the specific role of PKc isozymes in plants, complementing previous research. Further studies will be required to fully understand the function of the other plant PK isozymes.

![**Neighbor-joining tree f generated with MEGA 4.0 or pyruvate kinases \[**\[[@B70]\]**\].** Neighbor-joining tree showing coconut pyruvate kinase belongs to the plant cytosolic pyruvate kinase group.](s12870-014-0205-7-9){#F9}

GO classification (Figure [3](#F3){ref-type="fig"}) of differentially expressed ESTs showed that 44.0% were in biological processes involved in stress response (14.8%), abiotic/biotic stimulus (11.6/4.8%) and catabolism (12.8%). Furthermore, 46.8% of ESTs in cellular components were involved in cytoplasmic membrane-bounded vesicles (22.3%), plasma membrane (13.4%) or plastids (11.1%). Among molecular functions, 73.5% of functionally assigned ESTs were involved in nutrient reservoir activity (40.6%), nucleotide binding (26.5%) or structural molecule activity (6.4%). Combining the three GO major subcategories, specific expression sequences were mainly involved in the stress response of the nutrient reservoir and abiotic/biotic stimulus. Results for stage-specific genes (Figure [4](#F4){ref-type="fig"} and Additional file [3](#S3){ref-type="supplementary-material"}) indicated that in stage 1, these genes mainly affected regulation of cell growth and cell division and response to oxidative stress and biotic or abiotic stimulus. In stage 2, the plants mainly synthesized enzymes in fatty acid synthesis, cellulose synthase and carbohydrate metabolism genes that respond to heat and ammonium ion stress and jasmonic acid stimulus. In stage 3, the major processes were in defense response, cell periphery synthesis and glycosyl bond hydrolase activity. Throughout all processes and functions, the stress response was prominent.

The coconut endosperm is exposed to a special nutrient-water environment, so stress is mainly abiotic. Coconut water has high salinity, with especially high concentrations of potassium, malate and chloride. Thus, coconut endosperm growth occurs in high salinity, anoxia and water, with hyperosmotic stress. Growth might also occur in a high-temperature environment. Several genes were found in our SSH libraries that were involved in response to biotic stress (40), abiotic stress (97), or endogenous stimulus (117) and nutrient reservoir activity (222). Several important genes involved in stress have been identified, such as glyceraldehyde-3-phosphate dehydrogenase, which responds to heat and mediates reactive oxygen in plants \[[@B45]\]. Nucleoside diphosphate kinase responds to drought \[[@B46]\], cold \[[@B47]\] and salt stress \[[@B48]\]. Glutathione-S-transferase responds to salt and osmotic stress \[[@B49]\],\[[@B50]\] and possesses antioxidant capability \[[@B50]\],\[[@B51]\]. Enolase responds to salt and hyperosmotic stress \[[@B52]\]; and β-1,3-glucanase responds to abscisic acid, cold, auxin, ethylene, wounding and light--dark cycles during ripening in banana fruit \[[@B53]\]. Fructose bisphosphatealdolase responds to anoxic environments \[[@B54]\]; temperature-induced lipocalin responds to heat stress \[[@B55]\],\[[@B56]\]; and heat shock protein responds to a range of environmental stresses, including oxidative \[[@B57]\], salt and osmotic stresses \[[@B49]\]. The vacuolar H^+^-ATPase catalytic subunit responds to salt and osmotic stress \[[@B58]\],\[[@B59]\] and 1-cys peroxiredoxin responds to overoxidation \[[@B60]\] and unknown proteins.

Characterization of the action of these genes during coconut endosperm development will improve our understanding of the adaptive stress mechanisms that operate in coconut and enhance our ability to control abiotic damage such as from flooding, drought, high salinity and high temperature, which cause major crop losses worldwide \[[@B61]\]. Stress-response genes in coconut endosperm were mainly involved in abiotic stimulus such as high salinity, anoxia, heat and hyperosmotic stress. Because of the special growth environment of coconut, we identified genes for accurate information about abiotic stress-response mechanisms as well as unknown stress genes. These genes could be applied to the genetic improvement of other crops by combining traditional and molecular breeding.

Conclusion
==========

In this project, 737 unigenes differentially expressed during three developmental stages of coconut pulp were identified by SSH. All genes were annotated by Blast2GO and validated by RT-PCR. According to Blast2GO analysis, several enzymes were considered related to fatty acids, carbohydrates, transcription factors, stresses responses and secondary metabolites. Through pairwise comparison of those stage-specific GO ids, many genes continuously or transiently upregulated or downregulated were characterized. Comprehensive analysis of the results showed a number of genes had key roles in coconut pulp development.

Comparison of the stage-specific GO ids with the functional annotation of genes differentially expressed during coconut pulp development helped identify the crucial genes and led to determination of the molecular basis of coconut pulp development. This study will have great importance in understanding gene functions and regulatory networks in coconut fruit.

Methods
=======

Plant material
--------------

*C. nucifera* L. pulp was collected from plants grown in fields at the Coconut Research Institute, Chinese Agricultural Academy of Tropical Crops, Hainan, P.R. China. Pulp was collected after fertilization, about 7 MAF (stage 1, when pulp was tender and thin), 9 MAF (stage 2, with the pulp hardening and thickening) and 11 MAF (stage 3, when pulp had completed hardening and little liquid was present). After collection, pulp was wrapped in aluminum foil, immediately frozen in liquid nitrogen and then stored at −70°C.

RNA extraction
--------------

Instruments and reagents used for RNA extraction were treated with 0.1% diethylpyrocarbonate. Total RNA was extracted from coconut pulp using hexadecyltrimethyl ammonium bromide-lithium chloride (CTAB-LiCl) methods according to Li and Fan \[[@B62]\]. Total RNA quality was determined by both ultraviolet spectrophotometry and gel electrophoresis on formaldehyde denaturing agarose gels.

cDNA synthesis and SSH library construction
-------------------------------------------

For all samples, double-stranded cDNAs were synthesized from 1 μg of total RNA using SMARTer PCR cDNA synthesis kits (Clontech, Palo Alto, CA). Four subtractive hybridization libraries were constructed using PCR-Select cDNA Subtraction kits (Clontech). Libraries were forward and reverse between stages 1 and 2 (libraries A and B), and between stage 2 and 3 (libraries C and D). Subtracted cDNA was cloned into the PMD19-T simple vector (TaKaRa) and used to transform Trans1-T1 phage-resistant chemically competent cells (Trans). Plasmid DNA was obtained by Axyprep plasmid miniprep kits (AXYGEN).

Sequencing and bioinformatics analysis
--------------------------------------

From each SSH library, 248--366 cDNA clones were randomly selected and 1230 recombinant bacterial colonies were placed into 96-well plates with wells containing 1 mL of LB broth with 60 μg/mL ampicillin and cultured overnight at 37°C. All cloned products were sequenced using sequencing primer M13F (TGTAAAACGACGGCCAGT) in an ABI 3730XI DNA analyzer. All nucleotide sequences retrieved by SSH had low-quality regions (error rates of traces of sequencing results \>0.05) were removed and base-calling of automated sequencer traces used *Phred*\[[@B63]\] (<http://www.phrap.org/consed/consed.html#howToGet>). Crossmatch (version 0.990329) (same website as *Phred*) software was used to remove short sequences (length of inserted sequences \<100 bp) and poly(A) ends and screen for vector contamination and removal of vector sequences, with grouping for ≥96% sequence similarity to vector sequences in the GenBank database in any window of 150 bases. *Phrap* (version 1.080812) (website as for *Phred*) was used to assemble clean ESTs for unigene sequences. Unigene ORF searches used GETORF software (<http://embossgui.sourceforge.net/demo/getorf.html>). Multiple sequence alignment was carried out using the BLASTX algorithm from the National Center for Biotechnology Information nonredundant (NCBI nr) protein database. GO annotation of unigenes was performed using Blast2GO \[[@B64]\] (version 2.6.4) (<http://www.blast2go.de>). Sequences were annotated using BLASTX (<http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM>) search in the GenBank NCBI nr database. BLASTX results with an e-value cutoff of 1e^−6^ and a minimum similarity of 55% were annotated with GO terms. We also used NCBI nr/nt (<ftp://ftp.ncbi.nih.gov/blast/db/FASTA/>; 20111209) and Swissport databases (<http://www.uniprot.org/downloads>; release 2011_12) to align unigenes from SSH; and the KEGG (<ftp://ftp.genome.jp/pub/kegg/>; release 59.0) database to sort and map data by alignment results and make pathway maps.

Extraction of fatty acids and GC-MS analysis
--------------------------------------------

An extraction solvent system of chloroform-methanol (2:1 by volume) was used with modification of the Folch \[[@B65]\], Bligh \[[@B66]\] and Iverson \[[@B67]\] methods. Methyl esterification was by adding 1 mL of 14% BF~3~-methanol solvent with incubation at 80°C for 15 min. Dried samples were dissolved in 1 mL of n-hexane. GC-MS analysis for fatty acid methyl esters used a Hewlett-Packard Ultra-GC instrument. An HP-FFAP capillary column (30 m × 0.25 mm, 0.25 μm film thickness) was used to separate fatty acid methyl esters. The oven temperature was initially maintained at 150°C for 1 min, then increased at 8°C/min to 250°C, and then to 250°C and maintained for 5 min. The split ratio was 1:30, and the carrier gas was helium at a flow rate of 1.0 mL/min in constant flow mode. The injector was at 250°C and the detector at 230°C. The MS was operated in electron impact mode at 70 eV in a scan range of 10--500 aum. The injection sample volume was 1.0 μL.

Real-time PCR analysis
----------------------

QRT-PCR was performed to validate the expression pattern of genes isolated by SSH and characterized by Blast2GO. From the entire dataset of nonredundant sequences, 103 gene sequences encoded enzymes related to fatty acid and carbohydrate biosynthesis and metabolism, transcription factors and other stage-specific genes. Genes were selected according to length (\>100 bp) and e-value (\>1e^−6^). CDNAs were synthesized from 1 μg of total RNA from coconut pulp collected at three developmental stages (7, 9 and 11 MAF) from samples used for SSH library construction using FastQuantRT kits (with DNase) (Tiangen, Beijing, China).

For selected gene sequences, specific primer pairs (Additional file [8](#S8){ref-type="supplementary-material"}) were designed by Primer Premier (<http://www.premierbiosoft.com>; version 5.00) according to EST sequences and tested for activity at 60°C by conventional PCR. QRT-PCR was performed with three replicates for each gene of each cDNA sample with an ABI 7500 Real-Time System (Applied Biosystems) and resulting data were averaged. Relative expression was quantified using the comparative threshold cycle (Ct) method (2^--ΔΔCt^ method) \[[@B68]\]. Expression values at the three developmental stages were determined by comparing pulp at stages 1 and 2, and comparing stages 2 and 3. Two series of ratios were analyzed using Cluster 3.0 software (for Windows; <http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm#ctv>) \[[@B69]\]. All data were adjusted by log transformation and then hierarchical clustering was performed using the average linkage method.

Phylogenetic analysis
---------------------

The phylogenetic tree was constructed by the use of a neighbor-joining method in MEGA4 \[[@B70]\]. Bootstrap with 1000 replicates was used to establish the confidence limit of the tree branches. Default program parameters were used.
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